discussed in this paper (pure spin one half Dirac particles with no strong interactions) do not exist with masses below these limits.
These limits are dependent on the charge and lifetime assigned to the particle. For lifetimes 5: 10 -7 set, the lower limit varies from 0.2 GeV for 0.04 e charge, to 1.5 GeV for 0.7 e charge. For lifetimes 2 10 -ILo set and 0.7 e charge the lower limit is 1.2 GeV. INTRODUCTION
There have been a number of experiments fractionally charged particles since the idea 1-8 designed to detect of "quarks" was introduced 10 by Gell-Mann' and Zweig . Experiments at proton accelerators have failed to find quarks with production ratios, compared to pions of the same momenta of b 5 X low9 for charge e/3, and -4 X lo-' for charge 2e/3 . Cosmic ray experiments place limits of N 10 -8 of themuon flux for charge e/3 or 2e/_? particle-s.
Foss et al8 have searched for fractionally charged particles with charges from e/3 to 2e/3 using the Cambridge Electron Accelerator. This experiment, which was similar in concept to ours, used a 6.0 GeV bremsstrahlung beam incident on a carbon target. They found no fractionally charged particles. particles, but to search also at the limit of the apparatus available for possible particles with charge as low as e/25.
PRODUCTION TH!ZORY
The production of pairs of charged particles occurs in the following manner: An electron beam of energy E. is incident on a target. In our case, the target consisted of 10 radiation lengths of copper followed by The pair production cross section is sharply dependent on the masses of the produced particles. For example, for each muon produced at 0" with 8 GeV/c momentum by a 12 GeV/c electron beam on our target, we would obtain 3 X 10m5 particles of unit charge and mass 0.5 GeV, 5 x 10-7 particles of unit charge and mass -1.0 GeV, and 3 X low9 particles of unit charge and mass 1.5 GeV. Thus the production cross section decreases by a factor of almost 10 9 in going from a particle of mass 0.105 GeV to a particle of mass 1.5 GeV. This very sharp depene dence on the mass comes from two factors. Primarily it comes from the effect that only the smallest values of q , the four-momentum transfer'
to the target, are important in the pair production process.
There is a q4 in the denominator of the production cross section; and, as the masses of the produced pair increase, the minimum value of I I q increases.
The second effect is the result of form factors which add polynomials in 2, q to the denominator of the production cross section formula and further intensify the first effect.
The pair production cross section is dependent on the particle charge e' as (ef)4 . Therefore, a particle with a muon mass but with e' = e/l0 would have 10 -4 of the muon cross section. Therefore, there is a lower limit on the charge, below which the production cross section would be too small to measure in this experiment.
The production cross section is not strongly dependent (with one exception) on the othe-r properties of the produced particles. At all three settings, however, the triggering rate turned out to be low (of order 10 per hour), and for the second 50%
of the running time, the counters were operated at their most sensitive settings.
The discriminator levels at these settings were < 75 keV for counters l-4 and 25 keV for counter A. These levels were determined by triggering an oscilloscope with the output from the trigger circuit on each crystal in turn, using a low energy y-ray source, and observing the y-ray spectrum. The whole of the required dynamic range was covered during this second 50% of the running time by using not one, but two double beam oscilloscopes, with relative gains set in the ratio 25~1 . Equal irradiation with both positive and negative settings of the beam were used. The resolution of all counters at 1 MeV was better than + 5% . In the five inch counters, the most probable energy loss of a particle traversing the counter was (et/e)' X 70 MeV where e' is the charge of the particle and e is the electron charge. Therefore, the efficiency of the five crystal system was 85% at least for beam particles which enter the first crystal.
During the first 20% of the running time, 2 X 1017 electrons were incident on the target at each of the three settings described above and a total of twenty five-fold coincidences was recorded. None of these was a possible candidate for a fractionally charged particle, the pulse heights in the different counters in each case varying by large amounts. On the setting at lowest gain, it was apparent that in these coincidences, several hundred MeV were lost in some of the counters, suggesting electron showers. We realized that there were a relatively very large number of electrons in the beam even after the 16 radiation lengths of target and these might cause an electronphoton-electron cascade down the beam and be the cause of the background.
As described by Barna et al 11 , the electron contamination can be radically reduced by placing a lead radiator at the first focus of the beam. For the rest of the runs, on both positive and negative beam settings, 2 cm of lead were placed at the first beam focus. This effectively reduced these background coincidences.
FESULTS We found no further
five-fold coincidences. -That is, no fractionally charged particle was ever recorded. Only four-fold coincidences 1,2,3,4 and lower order coincidences were found.
The remaining background, of 1,2,3,4 coincidences, was consistent with muons which penetrated the shielding and were originating in the machine before the beam target.
'In all, for each of the three settings a total of 10 18 electrons were incident on the target. This number of electrons would produce 10 10 muons at 7 GeV/c transmitted by the beam if the latter were tuned to that value.
We first consider the limits which can be placed on the-existence of non-strongly interacting fractionally charged particles. If the I particle is stable, which is a very'reasonable situation for a fractionally charged particle, we obtain the fol 1 ~win:~ 11 .im:ii,s . For charge 2e/3, no such particle exists with a mass .Ic:;z i,i~cta-~ :.a," cev; for e/3, less than 1.0 GeV; for e/10, less than 0.5 GeV.; and for 425, less than 0.2 GeV. This variation of mass' limit with charge is shown in Fig. 2 . If we consider-an unstable particle, the mass limit depends on the lifetime.
As an extreme case we consider a particle lifetime of 10 -lo set . Taking into account the effects of time dilatation, we find that for charge 2e/3, no such particle exists with a mass less than These limits are calculated assuming that the particles have no form factor and also that there is no contribution to the production cross section from strong interactions.
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